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Abstract  
For the coming years, a significant development of electric mobility as well as renewable energies is expected. A large number of 
electric vehicles and a large amount of renewable energies means a high burden to the distribution grid and its components. On 
the other side, if controlled properly they can likewise act as a “functional storage” and operate on the energy markets or help to 
relive the grid. 
The Research Center for Energy Economics developed a tool to simulate the effects of photovoltaic-systems, electric vehicles 
and home storage systems on the grid. This paper addresses how these systems will affect the load and feed-in from low-voltage 
grids and shows the amount of energy which can be shifted by the corresponding operation modes. 
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1. Introduction 
Due to an advancing development of battery electric vehicles (BEV) the prizes are expected to fall in the 
upcoming years.Accompanied by a decline in the price of renewable energies, especially photovoltaics (PV) private 
households, it can be very attractive for these households to charge electric vehicles at home and thereby reduce 
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their total cost of mobility. This effect will lead to increase the number of electric vehiclesand especially the 
penetration in rural areas strongly [1]. Furthermore electric home storage systems (HSS) can become economic 
reasonable for households with PV plants in the upcoming years [2]. 
In combination with intelligent charge controllers,electric vehicles could then beutilized as “functional energy 
storages" on the energy markets. Nonetheless, these functional storages would be in competition with home storage 
systems concerning their ability to relieve low-voltage grids from excessive voltagesin the future. The Research 
Center for Energy Economics (FfE) is investigatingwhethersmart charge controllers for electric vehicles are suitable 
to relieve the grid and thus has drawn a comparison to house storage systems. 
2. Method 
In order to investigate the impacts of BEVs and small energy storage systems on the grid load, several scenarios 
have been defined for BEV market penetration, photovoltaic expansion, home storage systems, and electric energy 
consumption. A low-voltage distributiongrid, based on a real grid area in Garmisch-Partenkirchen (GAP), a small 
city in south Germany,has been modeled and simulated over the range of one year. In the following, the scenarios 
and boundary conditions are presented. 
 
Fig. 1. View of the selected grid area in Garmisch-Partenkirchen 
In the grid, there are 52 house connections available. According to calculations, the annual energy consumption 
of the network area is 604 MWh, which corresponds to about 202 households. Consequently there are four 
households per house in average. 
2.1. Energy consumption of the simulated households 
The energy consumption of the 202 simulated households is based on a statistical distribution of household sizes 
in GAP [3]. Following, figure 2 shows the percentage of the annual energy consumption together with the household 
size for GAP.At the same time, the annual energy consumption is in accordance with the average German household 
energy consumption [4]. 
The individual load profiles of the households have been generated based on statistical investigations.  
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Fig. 2. Distribution of household sizes in GAP and their corresponding energy consumption 
2.2. Electric vehicle penetration 
The energy consumption of the 202 simulated households is based on a statistical distribution of household sizes 
in GAP [3]. Following, figure 2 shows the percentage of the annual energy consumption together with the household 
size for GAP.At the same time, the annual energy consumption is in accordance with the average German household 
energy consumption [4]. 
The individual load profiles of the households have been generated based on statistical investigations.  
2.3. Charging control for electric vehicles 
When plugged in,the charging control has been designed to load the vehicle immediately to a state of charge 
(SOC) of 80 %. The remaining 20 % of the capacity are used to increase the PV-energy share in the battery of the 
vehicle. With this approach, mobility requirements of the car owners are just lightly impaired by the charging 
control. Studies have shown that the average distance driven with one car is below 40 km per day [6], which would 
require less than 20 % of the battery capacity. 
2.4. Residential photovoltaic expansion 
The PV penetration in the simulation was set to 18 % (36 households) with an average installed power of 5 kWp. 
The assignments of thePV-system terminals are randomly distributed between the three phases of the grid. 
2.5. Home storage systems 
In the simulation, 30 % of the PV-system owners(eleven households) possess an electrical home storage system 
(HSS) with a capacity of 7.5 kWh. The HSS uses a range of its SOC from 20 % to 90 %. 
 
3. Results 
This chapter is subdivided into three parts. The first part deals with the influence of home storage systems on the 
grid, whilst the second parttakes the uncontrolled charging of electric vehicles into account. In the last part, results 
from the combination of home storage systems and electric vehicles with charging control are presented. 
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3.1. Influence of home storage systems on the grid load 
To display the influence of HSSs on the grid, the simulation firstly was executed without including BEVs. In 
figure 3, the average daily load, based on all 202 simulated households in the grid area, is shown. The blue graph 
represents the average load including the eleven households with HSSs, whereas the red graph shows the case 
without any HSSs. The figure reveals a remarkable peak shaving effect of about 10 % in the evening (*1), and 
during the midday, the net load is nearly four times higher due to the charging HSSs and hence less PV feed-ininto 
the grid. 
Although less than 6 % of the simulated households possess a HSS, the influence on the grid is significant. 
Since,due to moreavailable irradiation and thushigher PV energy production,the additionally stored energy is greater 
in summertime, the effect on reducing peak loads is greaterin this period, than in the winter months. 
 
Fig. 3. Influence of HSS on the average load per house connection (without BEV) 
In completion to the average load of a single household, the power duration curve of the transformer in figure 4 
shows the effect of home storage systems on the grid load during the simulated year in the grid area. It is 
recognisable that the positive and negative load is reduced by the presence of HSSs in the grid. The maximum 
positive load is reduced by 5 % from 163 to 155 kW whereas the recovery peak is reduced by 7 %. The internal 
consumption of the PV energy in the grid is increased from 78.5 % to 87 %. Hence, the PV feed-in into the medium-
voltage grid was reduced by 40 %, and the grid-self-sufficiency was increased from 23.7 % to 26 %. 
Most studies predict the future grid congestions resulting from high PV and Wind feed-in to the high-voltage 
grid. In this context, HSS could be a way to reduce congestions in higher voltage levels in order to integrate more 
renewable energy into the electric energy system. 
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Fig. 4.Power duration curve at the transformer with and without home storage systems 
3.2. Influence of electric vehicles on the grid load (without HSSs) 
In order to investigate the potential of BEVsconcerning the relief of the grid from high loads and voltages, it is 
important to consider the additional loadscaused by uncontrolled charging of BEVs at first. In figure 5, the average 
uncontrolled loading of a BEV-fleet (30 % penetration, conforms 61 BEVs) in dependency of the charging power is 
shown. The load peak appears in the evening between 5 and 8 p.m. Between charging powers of 3.5 kW and 
14 kW,the peak load increases in correlation with the charging power by about 39 % (*1). With increasing charging 
power, the load profile is shifted forward by two hours (*2,*3). Furthermore, the increase of the peak load declines 
with higher charging powers. 
 
Fig. 5.Average charging curves for BEVs with different charging powers 
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Figure 6 depicts the power duration curve of the transformer in dependency of the BEVs with a penetration of 
0 %, 10 % and 50 % plus charging powers of 3.5 kW and 14 kW. It is shown that the charging power has a great 
influence on the overall positive peak power. In comparison to the case “no electric vehicles”, the peak load increase 
of BEVs with 14 kW charging power is about three times higher than with charging power of 3.5 kW. Except for the 
peak power, the influence of the charging power of BEVs on the overall load is low. The PV feed-in into the grid 
can be reduced by 43 % (3.5 kW) to 47 % (14 kW) in the case of 50 % BEV penetration. In comparison to HSSs, 
which have similar effects on the grid load at only 6 % penetration, the influence of BEVs on the grid is smaller. 
Only about 10 % of the time, the charging power has a notable influence on the power curve of the grid. 
 
 
Fig. 6. Load duration curve at the transformer for various cases 
3.3. Influence of charging control and home storage systems on the grid 
In the following, the impact of both, BEV with charging control and HSS, is discussed. In figure 7 the average 
daily load per house connection is shown for a scenario with 40 % BEV-penetration and a charging power of 
14 kW. It can be seen that uncontrolled charging of BEVs with HSSs cause a lower peak than without HSSs. With 
additional charging control, the peak reduction can be doubled. Both, the charging control and the existence of HSSs 
in the grid area, have nearly the same effect on the peak power. 
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Fig. 7.Average load per house connection 
For a better understanding, the impact on the transformer power is shown as a differential power duration curve 
in figure 8. Therefore, the power duration curves for the different cases were subtracted from the initial case 
“uncontrolled BEV fleet without HSS”. Here, the signage of positive and negative grid power is reversed. The peak 
power reduction (hour 0) of controlled charging without HSSs (light blue, -13 kW) is nearly twice as high as 
uncontrolled charging with HSSs (dark blue, -7 kW). It is to mention, that in this scenario, there are 40 % BEVs 
with charging control but only 6 % HSSs, which explains the greater impact of BEVs on the positive peak power. 
Despite that, HSSs have a greater impact on the reduction of the recovery peak than charging controls have (hours 
7665 to 8760). The steep drop close to hour 8760 is due to the fact that both storage “systems”, BEV and HSS, are 
fully charged and thus a PV feed-in peak still appears throughout the year. 
 
Fig. 8. Difference of the load duration curve at the transformer for various cases 
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4. Discussion 
In Chapter 3 the impact of stationary HSS and BEV on the load flow in low voltage grids is discussed and 
benefits for the local grid are shown. This chapter discusses an alternative use of the storage systems as well as 
further need for research. 
4.1. Alternative use of the discussed storage options 
Both storage types, stationary HSS and BEV can be seen together as functional energy storage. They can 
potentially add further value to the energy system. In the project AlpStore, 19 partners in seven Alpine countries 
developed storage master plans and test individual storages in the whole Alpine space. In this context the FfE 
analyzed the City of Grafingclose to Munich(about 12.600 inhabitants) in detail. With approximately 1.200 electric 
vehicles by 2030, the mobile storage would contain 48 MWh in total. Given that 20 % of this storage capacity could 
be used flexible (see chapter 2.4) the storage would contain 9.6 MWh. Given that 30 % (see chapter 2.6) of the 
installed private PV plants in Grafing will buy a HSS (one kWh storage content per installed kWpeak), the total 
storage capacity of HSS in Grafing would be about 7.3 MWh. Therefore the total functional energy storage in 
Grafing would contain up to 16.9 MWh. 
If one is using the BEV and HSS as grid relieving option, one cannot use them as functional energy storage on 
the energy markets at the same time. Therefore the two purposes of the storage systems can be seen in competition. 
Other options to relive the grids should therefore be taken into account as well. 
4.2. Further need for research 
The simulations done in this study show that to cover the optimal solution of relieving the grid it is important to 
analyze all sensitivities on the grid load. This requires detailed scenarios on PV-, HSS- and BEV- penetration. 
Further studies have to proof, if it is possible to transfer the results to other grid areas. Additionally the regional 
differences of charging profiles should be taken into account in future investigations. 
5. Conclusion 
Based on simulations in southern Germany in Garmisch-Partenkirchen, this study set out to determine the 
possibilities of electric vehicles and home storage systems to control the load in low voltage grids and discusses 
their potential as functional energy storages.A BEV penetration of 30 % increases the average power peak 
throughout the day by 39 %. For grid integration the simulation results show, that a penetration with HSS of just 
6 % can lead to a significant peak shaving effect. A discussion of the possibilities of these storages at the case of the 
city Grafing shows, that other possibilities to optimize the low voltage grid have to be taken into account, when one 
wants to use the storage systems as functional energy storage in the energy system. 
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